The use of decentralised, sustainable urban drainage systems (SUDS) for the treatment of stormwater runoff is becoming increasingly prevalent in Germany. Decentralised SUDS can offer a viable and attractive alternative to end of pipe treatment systems for stormwater runoff from urban areas. However, there is still some uncertainty regarding the long-term performance of SUDS, and the general legislative requirements for SUDS approval and testing. Whilst the allowable pollution levels in stormwater runoff that infiltrate into ground and/or water table are regulated across Germany by the Federal Soil Protection Law, there is presently no federal law addressing the discharge requirements for surface water runoff. The lack of clear guidance can make it difficult for planners and designers to implement these innovative and sustainable stormwater treatment systems. This study clarifies the current understanding of urban stormwater treatment requirements and new technical approval guidelines for decentralised SUDS devices in Germany. The study findings should assist researchers, designers and asset managers to better anticipate and understand the performance, effective life-spans, and the planning and maintenance OPEN ACCESS Sustainability 2015, 7 3032 requirements for decentralised SUDS systems. This should help promote even greater use of these systems in the future.
Introduction
The use of decentralised, sustainable urban drainage systems (SUDS) for the treatment of stormwater runoff is becoming increasingly prevalent in Germany. However, there is still some uncertainty regarding the long-term performance of SUDS, and the general legislative requirements for SUDS approval and testing. This paper provides a practical outline of the current urban stormwater treatment requirements, and of the general technical approval processes for decentralised SUDS devices in Germany.
Decentralised SUDS systems are generally used for treatment of stormwater runoff at source before it reaches downstream receiving waters, or before groundwater infiltration occurs. SUDS are particularly suitable in dense urban environments as they can provide viable alternatives to more common centralised treatment solutions such as large end-of-line sedimentation tanks and retention-type soil filters. Decentralised SUDS can be more attractive options than centralised systems from both water conservation and economic perspectives. Figure 1a -f shows a variety of typical SUDS devices used in Australia, Germany, and the United States.
Green SUDS Device Examples Technical SUDS Device Examples
(b) Bioretention System (e) Silt Baskets [3] (c) Grassed Swale (f) Filter Gully [4] There is a variety of different decentralised SUDS devices available with different functions. Some of these, such as swales, bioretention systems, and green roofs are generally classified as "Green" SUDS ( Figure 1a -c) as their treatment processes are primarily performed through naturally occurring filtration and biological processes. In Europe, green SUDS are classified as industry best management practice (BMP) devices and can generally be constructed without specific approval from stormwater management authorities [5] . The soil media and vegetation contained in these systems are responsible for the majority of the stormwater pollutant removal processes. Typical pollutants contained in stormwater runoff include: total suspended solids (TSS); nutrients described as total phosphorus (TP) and total nitrogen (TN); heavy metals including copper (Cu) and zinc (Zn); and organics such as polycyclic aromatic hydrocarbons (PAH) and other hydrocarbons (HC) [6] . The pollution removal efficiency of green SUDS generally varies with the composition of the media used and the different vegetation types. The range of this removal is often reported as between approximately 50% and 90%, 30% and 60%, and 10% and 40% for TSS, TP and TN respectively, and is therefore considered relatively high [6] .
Other SUDS, including sedimentation and filtration devices, are classified as "Technical" systems ( Figure 1d -f) as their treatment processes are based on physical adsorption, precipitation, and chemical processes. Technical SUDS, or also known as proprietary devices, often target different stormwater pollutants and operate using different treatment processes than Green SUDS and their pollution removal efficiencies can be quite different. Testing is therefore generally performed to evaluate their removal rates for different pollutants. Field testing results are often highly variable due to different site conditions and other environmental influences; therefore a standard laboratory testing procedure [7] is generally conducted. Although there can be many different pollutants entrained in stormwater runoff, most SUDS testing procedures only test for the removal of the most common pollutants. This ensures that the testing procedures remain relatively straight forward and simple to perform.
One of the major differences between Green and Technical SUDS is the hydraulic and pollutant load per area (volume) and time. Some researchers have suggested that the difference could be better described as low and high rate treatment systems. However, this paper considers both types of systems in the analysis.
Previously in Germany, stormwater runoff from a variety of different catchments was often collected and mixed together in underground stormwater pipes and then transported to a centralised facility for treatment ( Figure 2 ). The quality of the stormwater runoff from the different catchments could be highly variable ranging from relatively clean runoff from grassed areas and residential house roofs to heavily polluted runoff from large industrial estates [5, [8] [9] [10] . This "cocktail" of stormwater runoff was then usually all treated together as one wastewater product at the centralised treatment facility (Figure 1 ). This was generally a relatively inefficient and expensive way of processing stormwater runoff. New federal regulations have been introduced in Germany [11] which stipulate that in future, heavily polluted stormwater runoff should be treated separately at source, instead of mixing it in with relatively clean stormwaters and sending it all to a central treatment facility as was done in the past (Figure 2 ). These regulations are also being applied as State Water Laws in some German States. For example, a state regulation from North Rhine Westphalia [12] is being used as one of the main technical references for development of new federal regulations for stormwater treatment in Germany (DWA A-102). One of the main advantages of adopting a decentralised SUDS approach is that SUDS devices can be designed and adapted to target and remove specific stormwater pollutants at source. For example, the pollutants removed from heavily pollutant stormwater runoff from industrial estates can be collected and stored in the sludge chambers and filters of Technical SUDS devices for later removal as part of the general maintenance procedures. This ensures that potentially harmful pollutants are not widely dispersed across the catchment area.
This decentralised SUDS approach means that relatively clean stormwater runoff, which typically represents the largest portion of catchment runoff can be discharged directly to receiving waters, generally with limited treatment (Figure 3 ). This means that appropriate levels of stormwater treatment can be applied at the correct locations ( Figure 3 ), and the associated treatment costs can then be met by those directly responsible for the pollution, instead of being passed on to the community. Although treating stormwater with decentralised SUDS has many advantages over using traditional centralised treatment facilities, it is not always the best option in every case, as it depends on the specific environmental and infrastructure conditions within each catchment. For example, if an appropriately sized and functional stormwater drainage system and centralised treatment facility already exists in an urban catchment then continuing with this approach may still be the best alternative. The individual maintenance requirements of the different systems is another important issue that needs to be considered in the decision making process. While on-going maintenance of centralised stormwater treatment facilities can be relatively straight-forward and routine, ensuring SUDS devices are appropriately maintained can often pose significant challenges. This can be particularly complicated in situations where the ownership of SUDS assets may be transferred from the developer or land owner, to the local council after a certain time period has expired as part of the development conditions. Long-term maintenance contracts for decentralised SUDS may be required and while specialised maintenance companies can be contracted to undertake SUDS systems, this will result in on-going maintenance costs, and this also needs to be considered when making decisions for or against the implementation of SUDS devices over decentralised treatment facilities.
The main differences between centralised and decentralised stormwater treatment systems are the characteristics and levels of pollution contained in the stormwater runoff. For example, while TSS loads can be in the range of 400 kg/ha/year) for the influent of centralised treatment systems, TSS loads can be up to ten times greater than that value in stormwater runoff generated from the small catchment areas that are typically treated by decentralised SUDS devices. The main reason for these increased TSS loads is that only surfaces producing substantial pollution loads are connected to the decentralised systems, while the typical stormwater runoff treated by centralised facilities is a mixture of both clean and polluted stormwater. In addition, decentralised SUDS devices are often exposed to higher pollution loads originating from local construction activities, tree litter or pollen and even seasonal agricultural activities. This paper focuses on the pollution of surface waters receiving urban stormwater runoff.
Classification of Stormwater Types
Stormwater runoff in Germany is broadly categorised into two different types: (1) Stormwater runoff that is infiltrated into the soil and water table (Groundwater Runoff); and (2) Stormwater runoff that is discharged into streams and receiving waters (Surface Water Runoff).
In Germany, Groundwater Runoff (GR) is regulated by the Federal Soil Protection Law [13] . Developments discharging GR are required to comply with this law, which recommends permissible limits and maximum loads for various pollutants for water infiltrating into groundwater aquifers. This law enables local government authorities (LGAs) to enforce the implementation of stormwater quality improvement measures on developments within their local catchments.
At present, there is no federal law in Germany addressing the discharge requirements for Surface Water Runoff (SWR) and the anticipated requirements for developments discharging to SWR are still unclear. However, the Federal Ministry for the Environment (BMU) and the Federal Environmental Agency (UBA) have both requested the development of new federal guidelines for stormwater treatment. National guidelines for permissible pollutant limits for the discharge of SWR are currently under discussion. While LGAs can still enforce generic stormwater treatment measures for developments generating SWR, the specific treatment requirements, or the permissible limits for different stormwater pollutants, are generally not stipulated. On the other hand some German states, such as North Rhine Westphalia (NRW), enforce their own strict regulations [14] relating to the discharge of SWR. These regulations can include very detailed requirements on the classification of different stormwater runoff types and on the required treatment measures and allowable discharge water quality ( Figure 4 ). These are described in more detail below. North Rhine Westphalia has adopted its own classification system for SWR [12] which stipulates different levels of stormwater treatment depending of the land use of the catchment area discharging the runoff. Three different stormwater runoff categories are specified and these are generally related to either the number of vehicles passing through the area each day (Figure 4 ), or to the type of roofing materials used on the buildings. All SWR discharging from developments must be classified into one of the three categories. The three SWR categories are explained in Table 1 . Table 1 . North Rhine Westphalia surface water runoff (SWR) categories.
Surface Water Runoff (SWR) Category

Category 1 Category 2 Category 3
Category 1 SWR contains clean runoff from non-metal roofs and areas with no or low traffic density (less than 300 vehicles/day).
Category 2 SWR must be treated before it is discharged into receiving waters or infiltrated into the ground. The following types of surface are classified as Category 2 (lightly polluted) runoff:
• roof areas in commercial or industrial zones (not metal roofs);
• parking lots (except those mentioned in category 3); • paved areas with low traffic density (flowing and stationary >300 vehicles/day), such as residential streets and parking lots;
• distributors and road connections;
The following types of surface are classified as Category 3 (heavy polluted) runoff:
• areas with high traffic density e.g., arterial roads, motorways, highways, car parks with high traffic density (roads with more than 15,000 vehicles/day); • roof water runoff from all buildings with metal roofs; and • shopping streets, market places, areas where outdoor events take place;
• commercial and industrial areas with low traffic density and no handling of hazardous substances;
• agricultural areas, if not included in Category 3; and • runways and taxiways at airports without winter operation (de-icing).
• yards and other areas in commercial zones that are not mentioned in Category 2.
The North Rhine Westphalia guidelines [12] recommend that Category 3 SWR from industrial estates be directed towards the next wastewater treatment plant as this stormwater runoff may contain unknown and potentially toxic pollutants, for which the treatment performance by SUDS devices may have not been tested.
The decision on whether to implement decentralised or centralised stormwater treatments systems is also based on economic considerations. In a research project funded by the State of North Rhine Westphalia [13] the performance and life cycle costs of centralised and decentralised facilities were compared. It is important to consider these life cycle costs, because many decentralised facilities can have significant benefits at the installation stage, which are overshadowed by the maintenance costs. The study concluded that the water quality benefits of both centralised and decentralised facilities are comparable. The cost-benefits were found to be variable and highly dependent on the situation in each catchment. For example, the likelihood of a small system failing is larger than a centralised system and the risks associated with each of the systems failing, and the consequences of that need to be considered. Therefore, in order to identify the best solution, the study recommended that each catchment is investigated independently (or on a case by case basis) [13] .
Testing Requirements for Decentralised SUDS Devices
A German Wastewater Association (DWA) working group is currently developing a new federal stormwater treatment guideline titled: "Requirements for stormwater treatment-DWA A102" [15] . In the new DWA A102 guideline, the most common stormwater pollutant, TSS, is classified as an "authoritative evaluation" parameter ("Leitparameter" in German). This means that TSS concentrations can be used as an indicator for potential concentrations of other particulate-based pollutants such as heavy metals and total petroleum hydrocarbons (TPH), which are known to bind to fine sediment particles [7] . This is particularly important for runoff from metal roofs made from copper and zinc as these metals are known to attach to sediment particles smaller than 63 µm [7] . However, this is usually of less import for runoff from non-metal roofs and other low-trafficked areas (Category 1 in Figure 4 ).
First considerations of the new DWA A102 guideline classify sediment into two main sizes: TSS particles less than 63 µm in diameter (PM63); and sediment particles greater than 63 µm. The new guidelines will generally allow Category 1 runoff to be discharged into receiving waters without treatment [12] . The general TSS reduction target for SUDS treatment of Category 2 and 3 stormwater runoff will be the removal of at least 50% of particles smaller than 63 µm [15] as these small particles contain the highest loads of micro-pollutants.
There is a variety of different stormwater treatment specifications in Germany including those from the DWA or from individual State regulations. The evaluation and assessment parameters specified in these regulations are often quite different which makes it difficult to undertake a direct comparison between them. However, all German regulations generally address concentrations of TSS and a number of different heavy metal pollutant concentrations. Concentrations of total petroleum hydrocarbons (TPH) are also often regulated. Allowable concentration limits for phosphorous found in stormwater runoff is currently under discussion and this is expected to be addressed in future. Although nitrogen is a well-known stormwater pollutant, this is unlikely to be considered any time soon due to the recognised difficulty in removing dissolved nitrogen species from stormwater runoff.
The Federal Soil Protection Law [14] is used in Germany to regulate the allowable pollutant concentrations of stormwater runoff that will infiltrate into the soil and groundwater (GR). Previously testing conducted on the efficiency of decentralised SUDS treatment devices did not always take into consideration all the required parameters [16, 17] . This drove the Deutsches Institut für Bautechnik (DIBt) to develop a comprehensive testing methodology for testing proprietary devices. The new stormwater treatment system testing protocol developed by the Deutsches Institut für Bautechnik (DIBt) [7] for testing runoff from road surfaces now includes a number of test pollutant parameters including TSS, copper, zinc, de-icing salts and TPH [7] .
The general testing procedures of the General Technical Approval of DIBt in Berlin [18] for decentralised SUDS devices are given below. This approval is only relevant for testing stormwater runoff from road surfaces (with traffic volumes greater than 300 vehicles/day) containing hydrocarbons [16] and is only valid for GR type runoff. As mentioned above, regulations for SWR discharges are still in preparation. The DIBt testing procedure [7] for SUDS devices follows the following general principles:
• the SUDS device must treat 100% of the stormwater runoff, i.e., no bypass is allowed; • the SUDS treatment device must comply with all parameters outlined in the Federal Soil Protection Law [13] . This law sets the maximum allowable pollutant concentrations for a range of stormwater pollutants discharged through the SUDS device. The allowable maximum concentrations include:
( • all filter materials used in the SUDS device must be environmental friendly and shall be tested for potential pollutant leaching from the different layers. This requires column testing to be performed. The column test effluent will be analysed for the pollutant parameters 1 to 5 listed above [13] .
In addition to the testing principles listed above, the SUDs device must demonstrate a reduction in the annual TSS load by at least 92% during the testing procedure [18] . Semi-synthetic stormwater is used in the laboratory testing procedures and this is prepared according to the 90th percentile of stormwater runoff TSS concentration values found in the current literature. The artificial stormwater is then treated by the SUDS device and the difference in TSS concentrations between the influent and effluent samples are used to determine the SUDS performance. The ability of the SUDS device to remove dissolved zinc, dissolved copper, and TPH from stormwater runoff is also tested using the same methodology [18] . The SUDS device must demonstrate reductions in these pollutants of 70%, 80%, and 80% respectively. De-icing salts should also not influence the heavy metal removal efficiency of the SUDS device. Therefore, a further test is performed using a de-icing salt solution with a concentration of 10 g/L NaCl. This test should not dislodge any previously trapped metals from the SUDS device [18] .
All of the annual pollutants load tests described above are performed using four different equivalent rainfall intensities, namely 0.9 mm/h, 2.2 mm/h, 9.0 mm/h, and 36 mm/h. These rainfall intensities were selected after completing a comprehensive statistical analysis of the total spectrum of typical rainfall intensities across Germany.
General Technical Approvals by the DIBt [16] are only valid for a period of five years. This means, the pollution removal performance of technical SUDS devices must be revaluated following any fundamental changes to the regulations or laws. If the technical SUDS devices are not retested within an appropriate time frame, they lose their DIBt approval.
In addition to comprehensive testing of the SUDS device in the laboratory, the DIBt approvals [16] also regulate the production processes, as well as installation and operating conditions. The DIBt also stipulates that end-users must enter into ongoing maintenance contracts for SUDS devices with certified maintenance companies. Although the DIBt states that SUDS devices must be maintained by specialist companies, at this stage, there are still no clear guidelines on what training or skills a specialist maintenance company must demonstrate. This issue is still under discussion and it is anticipated that the specific requirements for SUDS maintenance contractors will be formalised within the next two years.
Developing a national testing protocol that all states are in agreement with can be a very difficult task. Table 2 provides a list of stormwater pollution testing protocols currently being used, or being developed in a number of other countries for comparison purposes. It can be seen from Table 2 that very few countries have a fully developed SUDS device testing protocol. It can also be seen that key pollutants vary from country to country and in Germany, the focus is primarily on heavy metals from roofs and heavily polluted road runoff. This makes the German SUDS testing protocol situation quite unique in a number of contexts.
Regulatory Measures to Decrease Stormwater Discharge
Over the last few years, the councils of most German cities have introduced a new stormwater fee based on the anticipated volume of stormwater discharge from each development site. Previously in Germany, there was only one wastewater fee for each site and this included charges for both sewage and stormwater discharge. The old wastewater fee was calculated based on the potable water consumption at each site. This approach caused much discontentment among consumers as it was considered inequitable and unfair. The old fee system was seen to disadvantage owners of single family dwellings compared to owners of large industrial and commercial developments. For example, single family dwellings may have consumed (and paid for) relatively large volumes of potable water, but may have only produced minimal volumes of stormwater discharge. On the other hand, industrial and commercial developments may have only consumed minimal amounts of potable water but the sites could have generated excessive stormwater discharge volumes due to their large areas of impermeable surfaces such as roofs and car parking areas. The new stormwater fee was introduced as a result of numerous successful legal challenges to the old system.
Owing to the large number of legal challenges to the old stormwater fee system, the German courts ruled that German councils had to introduce two wastewater fees in future: one for sewage water, and a separate one for stormwater. The sewage fee is still related to the potable water consumption. However, the new stormwater fee is calculated according to the sealed area of the development site. The fee amount differs across Germany according to local conditions. It currently ranges from €0.35 to €1.92 per square metre of sealed area producing stormwater discharge from the development site. Due to the introduction of the new stormwater fee, many land owners have since disconnected their stormwater pipes from the public sewerage systems and installed on-site stormwater infiltration facilities. If a site discharges no stormwater at all to the public sewerage system, this means no stormwater fee is payable for that site. The introduction of the new stormwater fee has seen an immediate decrease in the volumes of stormwater discharged to public sewerage systems in Germany. The new stormwater fee policy could therefore have many water quality and other environmental benefits. It has also provided a much needed boost to the development of innovative stormwater treatment and infiltration systems in Germany and Europe.
The idea to charge land owners stormwater management fees to help pay for stormwater management costs, is not new and a number of countries have implemented similar schemes in the past. For example, the New South Wales (NSW) State government in Australia amended the Local Government Act in October 2005 to allow NSW councils the option of levying a stormwater management service charge [21] . The purpose of the charge is to allow councils the option to raise additional revenue to cover some or all of the costs of providing new/additional stormwater management services within a catchment, suburb, town or local government area. While the fee is intended to reflect the percentage impervious area of a development, in order to simplify calculations and minimise administrative load, a constant impervious area is assumed for single residential dwellings, as well as for commercial and industrial land. The maximum fee for an urban residential development is $25/year. Urban commercial and industrial land is charged at a rate of $25 per 350 m 2 , or part thereof [21] .
Many water utilities in the US apply some type of stormwater management fee to help alleviate the expense of construction, operation and maintenance of municipal stormwater treatment systems. Most of the water utilities charging fees for stormwater management in the US use a system known as the Equivalent Service Unit method where charges are proportional to the impervious area on a lot [22] . The fees generally range from $0.08 per 1000 ft 2 (~93 m 2 ) for undeveloped land (0% impervious) up to $0.32 for heavily developed land (up to 100% impervious).
The introduction of stormwater fees in Germany has produced a number of tangible benefits and has resulted in a paradigm shift in the way stormwater runoff is viewed. Reducing site stormwater runoff volumes has changed from being a "nice idea" and has become a realistic and important development design objective. Besides the more obvious benefits of reduced stormwater volumes, pollution loads and development costs, the introduction of stormwater fees has resulted in increased innovation in the treatment and management of urban stormwater. Although the effects of introducing stormwater fees in other countries is not known at this stage, the consequences and benefits of their introduction are presumably comparable to the effects in Germany. It will be interesting to see how this approach develops over the next years.
Functionality of Some Common Technical SUDS Devices
This section provides a simple overview of the functionality and pollutant removal processes of three of the most common technical SUDS to treat stormwater runoff from urban areas (but not from metal roofs). The three SUDS are permeable pavements, filter channels and filter shaft systems.
Permeable Pavements
Permeable pavement construction methods are similar to those of traditional concrete block pavements. However, in contrast to traditional pavements, permeable pavements are specifically designed to allow stormwater to infiltrate through the pavement surface and into the various pavement layers and the soil below ( Figure 5 ). This can significantly increase groundwater infiltration rates while reducing downstream runoff volumes and associated flood risk [23] .
There are generally two different types of permeable pavements used in Germany: Porous Pavements, where the paving blocks are fabricated from porous concrete containing open pores to allow water to pass through it; and Permeable Interlocking Concrete Pavements (PICP), where the paving blocks are fabricated using normal concrete and the stormwater is allowed to infiltrate through the joints between the pavers and into the structure below ( Figure 5 ). Permeable pavements can also increase evaporation rates thereby helping to restore the natural hydrological cycle. While permeable pavements can produce significant environmental benefits, their design and planning requires advanced technical knowledge and should only be undertaken by experienced designers. The highest water quality security can be achieved by using only officially approved systems [24] . Figure 5 shows a typical permeable pavement structure and porous and permeable pavers.
Most of the treatment occurs through physical (or mechanical) processes. Mullaney and Lucke [23] have shown that permeable pavements can effectively remove a variety of pollutants from stormwater including TSS, TP, TN, heavy metals and motor oils. These pollutants become trapped within the void spaces of the different pavement materials during stormwater infiltration. Heavy metals are known to adhere to the fine sediment particles [25, 26] , and naturally occurring chemical processes and micro-organisms break down hydrocarbons and nutrients [27, 28] . 
Maintenance
To ensure that the infiltration performance of permeable pavements remains within the design guidelines, they generally need to be cleaned periodically. The inter-maintenance period depends on a number of factors including pavement type, location, environmental conditions and traffic volumes. They typically require cleaning at least once every 10 years [29] . For PICPs, the uppermost part of the joint needs to be rinsed or vacuumed. The joint then has to be refilled with a suitable material. The use of a combined rinsing/suction method is recommended and there are several different commercial systems available on the market.
The cleaning requirements for permeable pavements subject to DIBt approval [17] can be summarized as:
• The average infiltration capacity of the permeable pavement surfaces may not be less than 97.4 mm/h (270 Ls −1 ha −1 ); • The average infiltration capacity of pavement must be measured at least once every five years [29] to ensure the surface infiltration rate is greater than or equal to 97.4 mm/h. If these measurements are not undertaken, the DIBt approvals are no longer valid and local government stormwater discharge fees may be applicable; • If surface infiltration measurements demonstrate that the average infiltration rate is below the required 97.4 mm/h, the pavement surface shall be cleaned or reinstated to ensure compliance; • Cleaning can be performed using trucks fitted with specialised high pressure cleaning and vacuuming systems; • The sludge produced from pavement cleaning must be disposed of according to German Water and Waste regulations [18] ; and • After the cleaning process has been completed, the paving joints shall be refilled with the original joint filling material. Failure to refill the joints can result in serious pavement damage by vehicles.
Filter Channels
Engineered filter channels (or drains) consist of a linear substrate layer which collects and treats stormwater runoff through a combination of sedimentation and filtration processes. The filter media contained in the substrates function similarly to the surface soil zone in Green SUDS devices. After a rainfall event the substrate dries out. Invertebrate present within the soil media and trapped sediment produce intense activity which causes high level of bio-turbation to occur that prevents clogging [30] . Bio-turbation occurs as a result of the feeding and digestion processes [31] of terrestrial invertebrate (including bugs, worms and insects) which mix and turnover the soil and filter material and increase its porosity and infiltration capacity. Preferential flow paths are generated through the uppermost clayey sediment layer through this process. There are numerous high quality filter systems available commercially that treat stormwater runoff satisfactorily. Figure 6 shows one such typical SUDS filter channel device. A secondary filtering mechanism that occurs as a result of sediment build-up on the filter layer from the surrounding pavement areas has been observed to increase the treatment performance of filter channel systems. This secondary filter consists of particles from tyres and road surfaces that are washed off the road and deposited on the filter, and these act as a contaminant sink. The thickness of this sediment layer grows during the operation of the treatment facility and this consequently increases the sorption capacity of the SUDS filter device.
Maintenance
Engineered filter channels have been shown to effectively remove pollutants from stormwater runoff [33] . However, according to the DIBt approval requirements [17] the permeability of the substrate must be measured at least every five years [29] . In addition, measurements of the pollutant concentrations can help to prevent a breakdown of certain substances like heavy metals as there is generally a maximum sorption capacity of the filter materials for specific heavy metals. This enables the designer to take into account the influent concentration and determine a design life of the system and appropriate maintenance control. By taking samples of the filter material at different depths the effective treatment life for treating heavy metals can be predicted. This is also regulated by specific General Technical Approvals [17] .
With proper inspection and maintenance, filter channels have been shown to provide effective long-term pollution reduction for stormwater runoff [33] . The following annual inspection and maintenance must be performed in order to adhere to the technical approvals specified by the DIBt [17] .
• The height of the sediment on top of the filter substrate must be checked annually. If there is too much sediment on the filter, the system may no longer function correctly and must be cleaned. The maximum height of the sediment depends on the geometry of the systems and must be defined for each system individually by a suitably qualified designer; • Assorted debris (e.g., leaves and litter) must be removed before the start of each winter period; • The hydraulic conductivity of the filter substrate must be measured at least once every five years;
• High waters levels in the channel may indicate clogging of the filter substrate. In this case, the filter substrate may need to be replaced; and • The filter substrate must be replaced according to the manufacturer's requirements.
Shaft Filter Systems
Shaft filter systems (or proprietary pit systems) usually contain some type of sedimentation unit followed by a stormwater filter which is either integrated into, or downstream of the system. The filters function using a variety of methods including filtration, chemical precipitation, ion exchange, and adsorption. The filters can be activated vertically in both up-flow and down-flow conditions, or in a horizontal direction. Some filters are permanently submerged while others run dry after a rainfall event. There are numerous high quality commercial shaft filter systems that treat stormwater runoff satisfactorily. Figure 7 shows a typical SUDS shaft filter device.
Maintenance
All filter systems have different individual maintenance requirements. However, all systems commonly require the regular emptying of their sludge traps. In addition, the filter units must be replaced or flushed at specified intervals, generally between three months and one year. This can be done by replacing the filter units or by the replacement of the substrate. It is very important that the sludge and filter materials are disposed of correctly [33] . The maintenance requirements to abide by the general technical approvals specified by the DIBt [18] can be summarised as follows:
• Sludge levels must be periodically checked and emptied; • All filter systems should be evaluated at least once a year; • Ponding on the drained surface often indicates a clogged filter unit. In this case the filters must be exchanged or back flushed until they reach an acceptable hydraulic conductivity; and • Filters or filter materials must be exchanged according to the manufacturer's instructions. 
Maintenance Security
A maintenance contract with a suitably qualified firm is recommended for all decentralised SUDS facilities. For DIBt approved facilities such maintenance contracts are mandatory [18] . However, municipal systems may be maintained and cleaned by appropriately trained LGA personnel. The inspection and maintenance intervals of the current types of filter systems range between three months and one year. Permeable pavements and channel systems should be checked at least every five years.
For all installations, the manufacturer's instructions and recommendations should be clarified in advance. In particular, the disposal procedures for any sludge or contaminants removed from the system must be clearly outlined and agreed on by all stakeholders prior to operation. In no case is runoff or rinse water produced during maintenance procedures allowed to enter a storm sewer or infiltration system. Even when changing filters or substrates, the material must be properly treated or disposed of. Most manufacturers now offer to accept the return of the contaminated filters.
Summary
Decentralised SUDS offer a good alternative to end of pipe treatment systems for stormwater runoff from urban areas. However, their use is highly dependent on the individual catchment situation. Each catchment should therefore be carefully investigated to determine whether centralised or decentralised systems would be the most appropriate and feasible option to provide protection for the different types of downstream receiving waters. For example, small creeks and lakes can have very different treatment and environmental requirements to large rivers or coastal watercourses and this may significantly influence the choice between centralised or decentralised systems.
Decentralised SUDS should generally be recommended where space is limited and centralised solutions are more difficult to implement. For relatively clean stormwater runoff from non-metal roofs and areas with no or low traffic densities, green SUDS such as swales or rain gardens should generally be implemented. These SUDS detain stormwater runoff and allow it to infiltrate slowly through the top soil and into the water table. Decentralised green SUDS treatment devices generally have an average footprint of approximately 20% of the drained area which is usually lower than the requirement for centralised systems.
In catchments containing a variety surfaces with mostly clean runoff and only some areas with polluted runoff, a combination of green and technical SUDS can be used to reduce the costs for stormwater treatment. That means that SUDS treatment of stormwater runoff at source is often the best alternative in dense urban areas. However, lower construction costs for some SUDS systems can be negated by higher costs for maintenance and operation. Therefore, the full life cycle costs should be considered at the planning stage to enable a realistic and accurate cost comparison.
Tests and approval processes provide important information about the operation and the theoretical efficiencies of decentralised SUDS devices. The DIBT General Technical Approvals [18] therefore provide security in the decision making process. However, in order to correctly assess whether decentralised SUDS systems will provide the level of water resource protection required, a number of other aspects should ideally also be considered. These include:
• Results of detailed laboratory tests by independent institutes, such as fulfilling the criteria of DIBt [28] , or other specific state regulations; • Additional laboratory testing is recommended to provide performance diagnostics over the entire expected operational range of hydraulic conditions; • Results of in-situ measurements over sufficiently long time periods should also be provided, and if possible, at a number of different locations. This is not part of the approval process but is highly recommended in order to provide valuable addition operational information. These reports should include good descriptions of the measurement boundary conditions (i.e., location, type of connected surface, rainfall characteristics, location and type of sampling, number of samples, number of rainfall events, load calculations); and • General notes and instructions for operation (i.e., detailed maintenance instructions, cost estimates for operation and maintenance, and if possible, outlines for maintenance contracts).
The maintenance of decentralised SUDS devices should be regulated in advance and taken into account in the initial project costing calculations. In addition, maintenance of SUDS devices should only be performed by suitably qualified personnel. Most approvals of DIBt [18] require the completion of maintenance contracts. Since decentralised catchment areas show a higher variability of pollutants in stormwater runoff, SUDS device installations should be checked more often, particularly during the first two years of operation. Where appropriate, maintenance intervals should be adapted to site specific conditions. Compliance with the above-mentioned requirements should ensure reliable, successful and long-lasting operation of decentralised SUDS devices.
While discharge to receiving waters can be considered a highly dynamic process where short-term peak pollution loads can be important, it must also be recognised that runoff infiltration processes can result in long-term accumulation of pollutants in the soil and underlying water table. Soil and groundwater pollution could potentially have a much greater long-term environmental effect than receiving water pollution. This could further complicate future stormwater management strategies and will need to be considered in more detail in future.
Conclusions
This paper provides a practical outline of the current urban stormwater treatment requirements, and of the general technical approval processes for decentralised SUDS devices in Germany. The paper discussed:
• Decentralised SUDS can offer a viable and attractive alternative to end of pipe treatment systems for stormwater runoff from urban areas. • Allowable pollution levels in stormwater runoff that infiltrate into ground and/or water table are regulated by the Federal Soil Protection Law which is valid across Germany. • At present, there is no federal law addressing the discharge requirements for surface water runoff. However, new guidelines are currently being developed by the DIBt. • North Rhine Westphalia has adopted its own stormwater treatment guidelines which stipulate different levels of treatment for stormwater runoff from different land uses.
• New federal regulations in Germany stipulate that heavily polluted stormwater runoff must be treated separately at source. • New DWA A102 guidelines generally require decentralised SUDS devices to remove at least 50% of particles less than 63 µm in size from stormwater runoff. • Many German cities have introduced a new stormwater fee based on the anticipated volume of stormwater discharge from each development site. • General technical approvals for SUDS devices currently being developed by the DIBt will only be valid for a period of five years after which time the devices must be re-tested. • Maintenance is required for all SUDS devices by suitably qualifies personnel to ensure long-term, reliable performance. Maintenance contracts are mandatory for DIBt approved SUDS devices.
This study discussed and clarified the new technical approval guidelines for decentralised SUDS devices in Germany. This knowledge should aid researchers, designers and asset managers to better test the performance, effective life-spans, and develop better planning and maintenance requirements for decentralised SUDS systems. This could potentially promote even greater use of innovative technical stormwater treatment systems in the future.
